The standard complement fixation (CF) test, a commercial agarose gel immunodiffusion (AGID) test (ImmuCell Corporation, Portland, Maine) 
Clinical bovine paratuberculosis (Johne's disease) is characterized by chronic diarrhea and weight loss that is not responsive to treatment (3) . However, once paratuberculosis has been confirmed in a herd, the diagnosis of clinical disease, while important, is not the key to controlling or eradicating the disease (3) . Changes in herd management to decrease the rate of infection transmission are used with diagnostic tests to identify subclinically infected animals for removal from the herd (6) . Several tests have been developed for the diagnosis of Mycobacterium paratuberculosis infections in cattle. Some detect the organism directly in fecal or tissue samples (5, 13, 42, 44) , and others detect serum antibodies, with the most common tests being the complement fixation (CF) test (2, 10, 15, 20, 21, 32) , the agarose gel immunodiffusion (AGID) test (31) (32) (33) , and the enzyme-linked immunosorbent assay (ELISA) (8, 19, 39, (47) (48) (49) . Reports of diagnostic test accuracy differ among publications, making comparison of test performance difficult. These discrepancies are likely due to differences in case definition or the use of imperfect "gold standards" to define the infection status of animals. In this report, we describe the evaluation of four serological tests for paratuberculosis by using samples obtained from the Repository for Paratuberculosis Specimens (35 
MATERIALS AND METHODS
Specimens. The specimen collection used for this study is described in detail elsewhere (34, 35) . Briefly, serum and fecal specimens were collected concurrently from 828 dairy cattle in 13 Wisconsin herds, catalogued, cultured (fecal samples only), and stored at -70°C. None of the cattle tested had been vaccinated for paratuberculosis. Nine of the herds, containing a total of 632 dairy cattle, were infected with M. paratuberculosis and had infection prevalences that ranged from 7 to over 60%. Four of the herds, containing a total of 196 cattle, were certified to be free of paratuberculosis by the state of Wisconsin Department of Agriculture, Trade and Consumer Protection on the basis of a regular program of annual whole-herd testing for paratuberculosis by the conventional fecal culture method (6, 43) . These specimens formed part of the Repository for Paratuberculosis Specimens housed at the University of Wisconsin-Madison (35) .
Fecal samples were collected from the rectum of each cow with a disposable plastic obstetrical glove, and approximately 50 g of the fecal sample was placed in a plastic bag (Whirl-pack; Nasco Laboratories, Fort Atkinson, Wis.). Fecal samples were then placed in a styrofoam cooler, chilled with ice packs, taken to the laboratory, and processed for the isolation of M. paratuberculosis by conventional and radiometric methods, after which they were frozen at -70°C. Later, these samples were tested for M. paratuberculosis by using a commercial DNA probe (42 For radiometric fecal culture, we used a recently described adaption of the BACTEC system (5) . Briefly, it uses BACTEC 12B medium supplemented with 0.1 ml of a 40-,ug/ml mycobactin J solution (Allied Laboratories); 1.0 ml of egg yolk suspension (Difco, Detroit, Mich.); and 0.1 ml of an antibiotic cocktail containing vancomycin, amphotericin B, and nalidixic acid (final concentrations of the antibiotics in the radiometric broth, 10, 20, and 30 ,ug/ml, respectively). Fecal specimens or tissue homogenates were decontaminated in 1.0% hexadecylpyridinium chloride at a ratio of 3 g/30 ml. After 24 h, when large fecal or tissue debris had settled to the bottom of the tube, the top 10 ml was filter concentrated by using a 10-ml syringe fitted with a 3-,umpore-size filter in a Swinex filter holder (Millipore Corp., Bedford, Mass.). The entire filter was then placed into the vial containing the radiometric culture medium, and the vial was resealed. Vials of radiometric culture medium were read weekly on a BACTEC 460 ionization detector (Beckton Dickinson Microbiologic Systems, Towson, Md.). All positive vials (growth index, >30) were subcultured on plate media, and the identity of M. paratuberculosis was confirmed by mycobactin dependency.
The DNA probe assays were performed with the commercial kits (U.S. Veterinary License no. 313) according to the directions of the manufacturer (IDEXX Corp.). With this probe kit, the polymerase chain reaction is used to improve the sensitivity of the test (42 Test specificity estimations were almost identical for the four herds examined that were certified to be free of paratuberculosis.
Test sensitivity. Test results for each of the nine M. paratuberculosis-infected herds are summarized in Table 1 . When applied to all 177 M. paratuberculosis-infected animals, the Allied ELISA, the CSL ELISA, the AGID test, and the CF test (a titer of .1:8 was considered positive) had test sensitivities of 58.8% 7.3%, 43.4% 7.3%, 26.6% 6.5%, and 38.4% 7.2%, respectively ( Table 2 ). The Allied ELISA was significantly more sensitive (P < 0.001) than the other three serological tests evaluated. The CSL ELISA and the CF test had similar sensitivities but were significantly more sensitive (P < 0.001) than the commercial AGID test (Table 3) .
Stage of disease effect. One hundred eight cows were found by radiometric or conventional fecal culture or DNA probe to shed the organism in their feces at the time that the serum sample was collected. Sixty-nine cows were culture or DNA probe negative at the time of serum collection and were thus classified as nonshedders. Of these, 34 cows were confirmed to be M. paratuberculosis infected by radiometric culture of surgical biopsy specimens or internal organs collected at slaughter, and 35 were later diagnosed by conventional fecal culture (35) .
When animals were grouped according to their shedding status, a significantly lower test sensitivity was found for all four tests in the nonshedder group (Allied ELISA, z = 2.37, P < 0.05; CSL ELISA, z = 4.52, P < 0.0001; AGID test, z = 6.8, P < 0.0001; CF, z = 6.8, P < 0.0001). Sensitivity estimates for the four tests in the two groups of animals are listed in Table 2 . The Allied ELISA was more sensitive (P < 0.04) than the other three tests for both groups (shedders and nonshedders) of animals ( Table 3 ). The CSL ELISA was more sensitive than the AGID test (P < 0.001) and was similar in performance to the CF test for both shedders and nonshedders. The CF test was more sensitive than the AGID test only in the shedder group of animals (P < 0.003) ( Table   3) .
DISCUSSION
All four diagnostic tests evaluated were relatively specific, with the AGID test, the CF test, and the CSL ELISA being more specific (.99.0%) than the Allied ELISA (95.4%). The diagnostic specificities found in this study were comparable to those found in other recent studies (9, 19, 26, 31, 32, 47) . h x2, chi-square distribution (1 degree of freedom).
For the CF test, a titer of .1:8 was considered positive.
The high ELISA specificity was surprising, considering the low antibody detection limit of ELISA technology, the extensive cross-reactivity among mycobacteria (37) , and the high prevalence of antibodies to mycobacteria in cattle (1) . The diagnostic specificities of the two ELISAs studied were apparently achieved by the absorption of antibodies common to mycobacteria by using M. phlei, as demonstrated by Western blot (immunoblot) analysis by Milner et al. (18) . The AGID and CF tests do not use heterologous antigens to absorb nonspecific antibodies, however, and the specificities of these tests were probably due to their high antibody detection limits, e.g., their low sensitivities. When applied to the total population of subclinically M. paratuberculosis-infected cows, the Allied ELISA was the most sensitive test; this was followed by the CSL ELISA and the CF test (a titer of .1:8 was considered positive), which had equivalent test accuracies. The commercial AGID test was the least sensitive of the four serological tests evaluated. The reason for the lower test sensitivity of the CSL ELISA compared with that of the Allied ELISA was possibly due to differences in how optical density data were interpreted, i.e., the cutoff for classification of test results as positive or the degree of absorption of test sera with M. phlei before running the assay. Raising the cutoff for the Allied ELISA from .2.1 to .2.6 resulted in sensitivity and specificity estimates that were almost identical to those of the CSL ELISA. The two ELISAs were more sensitive than the AGID test merely because ELISA techniques are able to detect lower concentrations of antibody than gel diffusion assays are (40) .
When evaluating diagnostic accuracy, it is important to include patients with the entire spectrum of disease or infection severity as it is normally found in the population being tested (see Ransohoff and Feinstein [22] for a comprehensive discussion of spectrum). For subclinical bovine paratuberculosis, this should include unequivocally diseasefree populations of animals and M. paratuberculosis-infected animals, both those that shed the organism in their feces and nonshedders. The distribution of animal specimens found in the Repository for Paratuberculosis Specimens met this criterion and represented the proportions normally found in infected herds prior to implementation of paratuberculosis control procedures (34, 35 (7) .
There were significantly lower sensitivities (P < 0.05) for all four tests when they were evaluated on stage one animals (nonshedders) compared with the sensitivities of the four tests when they were evaluated on stage two animals (fecal shedders) ( Table 2 ). This was not surprising, since animals that shed the organism are thought to have more advanced disease and, thus, are more likely to be serologically positive (3, 10, 28) ; this observation was previously reported for the AGID and CF tests for animals with both clinical and subclinical forms of the disease (10, (31) (32) (33) . This also has important implications for paratuberculosis diagnosis and control. As paratuberculosis becomes more severe in dairy herds, a higher proportion of adult infected animals also become fecal shedders (3, 34, 35) . Thus, as the M. paratuberculosis infection prevalence increases in a herd, the sensitivity of the serological tests will probably increase, and conversely, as the prevalence in a herd declines, the sensitivity of a test will probably drop. This finding has already been reported for radiometric and conventional fecal culture and a commercial DNA probe (34) . It is important to remember that diagnostic tests for paratuberculosis are used to select animals for culling from herds and that this is an integral part of any control program. If the sensitivity of diagnostic tests decreases as the severity of the disease in the herd decreases, it might be very difficult to eradicate paratuberculosis from infected herds by only test-and-cull methods. This is consistent with the experience of many veterinarians and livestock producers involved in paratuberculosis control or eradication programs (3).
The results presented in this report illustrate that when diagnostic test sensitivity estimations are reported for paratuberculosis, the severity of the disease in the herds and individual animals tested must be thoroughly described so comparison with previous studies can be made. Standards for the definition of M. paratuberculosis infection and the paratuberculosis-free status of animals or herds used for test sensitivity and specificity estimations should be rigorous. No animal resident in an M. paratuberculosis-infected herd should be assumed to be infection-free for diagnostic test specificity estimation purposes.
